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, and the outer circle shows the outer spherical shell confining the scalp. Both the inner and 125 outer shells were 2 mm thick. D: Stereographic projection of the phantom from above, depicting 126 locations of EEG (circles) and tACS electrodes (blue and red squares), and the dipolar source. 127 128 EEG 129 We delivered to the dipolar source of the phantom a signal waveform that resembles human EEG. µV). To guarantee a perfect temporal alignment of the measured EEG at the phantom, the neural 141 current source was synchronized with the tACS and the playback EEG via the BrainVision Syncbox 142 (Brain Products, Munich, Germany; Fig. 1A ). The EEG data were digitally stored for further offline 143 analysis. 144 145 tACS 146 We generated a digital 10-Hz sine wave at a temporal resolution of 100 kHz and output it via a 147 digital-to-analog converter to the tACS electrodes of the phantom at electrode positions that were 148 similar to Cz and Oz (Fig. 1D ). The amplitude of the tACS signal was adjusted to avoid clipping, 149 which would make the recovery of the EEG signal impossible. The largest tACS intensity that we 150 could drive to the phantom without causing any clipping in the EEG channels was 150 µA, resulting 151 in a maximum voltage between 30.5 and 1197.0 µV across the channels. We used two different 152 tACS current intensities: 50 µA and 150 µA. The EEG amplitudes of the artifact depended linearly 153 on the tACS current amplitude (50 µA: 10.2-399.3 µV) and were strongest in channels close to the 154 tACS electrodes (Fig. 2B, left) . (black) . Because of the logarithmic scale the peak amplitudes at 10 Hz for the 50-µA and 150-µA 165 conditions appear similar regardless of the threefold difference. 166 167 Artifact correction 168 To evaluate the performance of different artifact-correction techniques, we first recorded the 169 phantom head EEG resulting from the dipole current alone; this served as the baseline condition. 170 Then, we applied tACS to the phantom while the dipolar source was active. Subsequently, we 171 compared the performance of different artifact-rejection techniques (sine fitting, template 172 subtraction, and signal-space projection (SSP)) in recovering the baseline signal from the data 173 contaminated with the tACS artifact. 174 Sine fitting 175 The most intuitive approach to remove the sinusoidal tACS-artifact is subtracting a sine wave at the 176 stimulation frequency from the recorded data. This method has previously been applied to remove 177 line noise from EEG data (Mitra & Bokil, 2007) . We fitted a sine wave at the tACS frequency to non-overlapping time windows, each window having the length of one tACS period. The fitting was 179 done for each channel separately, using the least-squares criterion with amplitude and phase as the 180 fitted parameters. The resulting fits were then subtracted from the artifact-contaminated data in each 181 time window. 182 183 Template subtraction 184 The template subtraction method was adapted from a technique previously used to remove artifacts 185 in simultaneous EEG / functional magnetic resonance imaging (fMRI) recordings (Allen et al., 186 2000; Niazy et al., 2005) and has also been applied to remove the tACS artifact from EEG data 187 (Helfrich et al., 2014) . 188 An artifact template was created by averaging data of a given number of tACS cycles and then 189 subtracting the resulting template from each tACS cycle of the data. We used electrode-specific 190 templates, which were obtained by averaging over all the tACS periods across the data segment of 191 interest. These electrode-specific average artifact templates were then subtracted from the data in 192 non-overlapping windows. 193 194 Signal-space projection (SSP) 195 SSP is a method that separates signals into a set of different components that have constant spatial 196 patterns in a multidimensional signal space, but whose amplitudes may change as a function of time; 197 SSP has been used for separating, e.g., EEG and magnetoencephalography (MEG) signals (Uusitalo 198 and Ilmoniemi, 1997) . This feature can be exploited for the combination of EEG and tACS because 199 tACS has a relatively constant spatial pattern, although it may change slightly due to changes in the 200 conductive properties of the scalp. If we are able to estimate this spatial pattern accurately, we can 201 use SSP to suppress the tACS artifact. 202 First, a maximally pure template of the artifact has to be calculated from the signal. To this end, 203 single cycles of the sinusoidal tACS-artifact are averaged per channel. Thereby the brain signal is 204 mostly removed from the recorded signal and only artifactual signals and noise remain. These 205 remaining data are then used to estimate the artifact signal subspace, which then enables us to project 206 out the artifact from the contaminated data. Here, the artifact subspace was estimated from the 207 average artifact template (see section 3.2.2.), assuming that only little brain activity remains after 208 averaging. The dimension of the artifact subspace was determined qualitatively from the singular 209 value spectrum of the average artifact template. A detailed description of the SSP method can be found in the supplemental information (S1.2). One feature of SSP is that it introduces spatial 211 distortions to the signal, which impedes conventional visual interpretation of the resulting signal. 212 To minimize these undesired distortions and keep the corrected data visually interpretable, we used 213 the source-informed reconstruction approach (SIR) introduced by Mutanen et al. (2016) . The idea 214 of SIR is to compute from the projected (distorted in a perfectly known manner) signal a brain 215 current distribution and from this current distribution, the corrected signal. For SIR, one needs to 216 compute the lead field matrix of the chosen forward model to explain the measured data in terms of 217 source currents. We used a spherical model that had the same geometry as the phantom containing 218 5000 evenly distributed radial dipoles 50 mm away from the origin. From now on, we refer to the 219 combined SSP-SIR approach simply as SSP. Since SIR is not sufficient to correct all the SSP-220 elicited distortions, we also applied SSP and SIR to the baseline data to make it comparable to the 221 SSP cleaned data (further details in S1.2). The major benefit of this approach is that it allows a direct 222 comparison of the two datasets (e.g. baseline data and artifact-contaminated data) because we are 223 quantifying the change from the baseline to the tACS-contaminated data only in those signal-space 224 dimensions that remain after cleaning. In essence, this approach takes into account the possible 225 unwanted attenuation of the neuronal signals of interest (overcorrection). To remove slow drifts and high-frequency noise, the data were bandpass-filtered from 2 to 80 Hz 229 with a 4th-order Butterworth filter. For the artifactual datasets, we identified the exact data point 230 when tACS started and the corresponding time point in the baseline dataset. We discarded the first 231 second of data due to artifacts related to initializing the tACS and extracted a 50-s segment (1-51 s 232 with respect to the tACS onset) for further analysis. We then applied the artifact-correction 233 techniques to these data segments. The resulting data will be referred to as cleaned data. As indicated 234 above, SSP was also applied to the baseline data prior to comparison. After the cleaned and the 235 baseline data were divided into 2-s epochs, we Fourier-transformed each of these epochs and 236 computed the epoch-and channel-specific amplitudes and phase-angle spectra. 237 To evaluate the performance of the artifact-rejection techniques, we estimated the degree of tACS-238 artifact contamination in the cleaned data. We calculated the residual artifact (RA) for each channel 239 as:
where Pclean Pbase, and Part represent the signal power at 10 Hz for the cleaned, baseline, and 243 artifactual data, respectively. A positive RA implies that the tACS artifact was not fully removed, 244 whereas a negative RA suggests that some additional distortion was introduced in the data (e.g., 245 attenuation of the signal of interest). We quantified spatial distortions elicited by the artifact To further evaluate whether the amplitude spectrum of the neural source was recovered correctly, 255 we computed the average spectrum over the epochs and compared the cleaned and baseline data of 256 each channel separately. We focused the analyses on the individual alpha frequency (IAF: 10.5 Hz), 257 the spectral peak in the range of 8-12 Hz estimated from the baseline spectrum. To test whether the 258 correction methods distort the IAF amplitude, we performed a 2-way ANOVA (factor 1: 18 259 channels, factor 2: two conditions, i.e., cleaned data and baseline data) and post-hoc t-tests. 260 To analyze possible phase distortions, we subtracted for each epoch, channel, and frequency the 261 baseline phase angle from the phase angle of the cleaned data. We visualized the phase difference 262 at 10 Hz, when the artifact was in its maximum. Additionally, we computed the phase-locking value 263 (PLV) (Lachaux et al., 1999) between the baseline and the cleaned data for each channel. To test 264 whether the phase locking between the corrected and the baseline EEG was significant at the IAF, 265 which would indicate preserved phase information, we used Bonferroni-corrected bootstrapping 266 tests (Lachaux et al., 1999) . All analyses were done using Matlab 2014b (The MathWorks Inc., All artifact-correction methods were able to attenuate the tACS artifact (Table 1) . After applying 271 each method, the amplitude spectra were in the range of the signal of interest ( Fig. 4) frequency range of 5-15 Hz (Fig. 3, right) . On average, SSP and template subtraction performed 278 similarly; however, SSP had less variation across the channels, which can be seen in the more 279 homogeneous topographies of SSP in comparison to Template subtraction ( Fig. 3 ). Note the 280 comparatively large RE in channel P3 after applying SSP, caused by a very low signal-to-noise ratio 281 in this channel as can be already seen in the baseline condition (see Fig. 2B ). Channel-wise 282 frequency spectra further demonstrate the poor performance of the sine fitting within the 5-15-Hz 283 range ( Fig. 4, left) . SSP yielded the best results, especially when comparing SSP-baseline data with 284 SSP-cleaned data: the spectra matched almost perfectly ( Fig. 4, right ). Furthermore, SSP was the 285 superior method in recovering the temporal information (phase) of the baseline signal, whereas 286 template subtraction and sine fitting poorly recovered the baseline signal in a number of channels 287 ( Fig. 3, left) . The difference in preserving the temporal information was also supported by high 288 correlations of the signal between the baseline and the SSP-cleaned data compared to the other 289 methods ( 
Mean time-course match across the channels (CC) For sine fitting, the 2-way ANOVA (factor 1: 18 channels, factor 2: two conditions, i.e., cleaned 317 data and baseline data) demonstrated that the IAF amplitude depends on the tACS intensity, which 318 additionally interacted with the channel (cf. Table 2 ). Furthermore, the interaction between the 319 channel and condition was significant, which means the artifact suppression is not reliable.
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Subsequent post-hoc t-tests indicated significant changes in IAF amplitude in all channels and in 321 both stimulation intensities (t(24)=8.96, p<0.001 for all channels). 322 Likewise, after template subtraction, the ANOVA revealed a significant main effect of condition in 323 the 150-µA-tACS data, but no interaction between channels and conditions. No such main effect for 324 condition was found in the 50-µA tACS condition. The ANOVAs on the SSP data neither showed 325 effects for the condition nor for the interactions in both tACS conditions ( strengths for the human study turn out to be higher by a factor of 20 compared to the phantom study. 371 Thus the artifact correction in the human study is a lot more difficult. 3 ). 402 While this was not a problem for the phantom, it is desirable to use EEG amplifiers with a wider an amplitude resolution of 0.05 µV and a dynamic range of ±419430 µV. We therefore opted for a 405 24-bit system for the human experiment. 406 A second factor that has to be taken into account to avoid amplifier saturation is bridging of the 407 tACS electrodes with the recording electrodes. One common technique to reduce the impedance of 408 the tACS electrodes to the scalp is the use of saline-soaked sponge pockets that enclose the tACS 409 electrodes. This bears the danger of leaking saline solution that results in a connection of tACS and 410 EEG electrodes and also of EEG electrodes with each other. To prevent this, we recommend using 411 adhesive paste (e.g., Ten20, D.O. Weaver, Aurora, CO, USA), which does not leak and also prevents 412 electrode movements. Measurements were performed with a 24-bit battery-powered amplifier (ActiChamp, Brain 427 Products, Munich, Germany) and 24 preamplifier-equipped electrodes mounted in an elastic cap 428 (Acticap, Falk Minow, Munich, Germany) positioned according to the International 10-20 system 429 ( Fig. 6B ). Electrode impedances were kept below 10 kΩ. The EEG was measured against a common 430 reference at position FP1 and sampled at 10 kHz as in experiment 1. The EEG recording was 431 synchronized with the tACS to guarantee an accurate measurement of the tACS artifact. With the 432 ActiChamp system, it is possible to synchronize the two systems conveniently without a SyncBox. Since phantom data suggested that SSP would be effective in reducing the artifacts, we expected 447 SSP to correct the tACS artifact also in the human EEG. With a few modifications, the method was 448 directly transferred to the human data. The most relevant difference was that we recorded not only 449 60, but 600 s of tACS-EEG data, which represents a more realistic scenario in an EEG-experiment. 450 The SSP method relies on an accurate estimate of the template of the artifact. The accuracy of the 451 template, however, depends on the length of the data taken into account: if more repetitions of the 452 artifact (in our case, cycles of tACS) are averaged for the template, more residual EEG activity in 453 the template is averaged out. It is known that the tACS artifact changes in amplitude over time due 454 to changes in impedances between skin and stimulation as well as EEG electrodes. We therefore 455 decided to apply the SSP procedure on portions of EEG data of 15 seconds each, while in the 456 phantom data the entire recording of 60 s was corrected at once. After correction, the data were 457 concatenated such that all analysis procedures could be performed as on the raw data. Other 458 parameters, such as for SIR were identical to those used on the phantom data. As expected, the tACS artifact covered brain activity recorded during weak and strong tACS ( Fig.   469 7) with sharp peaks at the tACS frequency, the amplitude of strong tACS artifact being about 2 470 times higher than weak tACS (Fig. 7B,C) . The strong impact of the tACS was also visible in the 471 topographies: While the topography of the average FFT amplitudes at 10 Hz of the EEG without 472 tACS showed an occipital maximum, the topographies of the EEG with tACS represented only the 473 centralized tACS artifact (Fig. 7C) . In order to correct the EEG for the tACS artifact, we applied SSP in all conditions, including tACS-free baseline measurements (Fig. 8A,B ). Comparing artifact-475 free EEG before and after SSP indicates a slight amplitude reduction regardless of frequency ( Fig.   476 8). The signal amplitude is attenuated to a similar extent at all frequencies because SSP is a spatial 477 filter. Mutanen et al. (2016) showed that SIR can well restore the original neuronally generated 478 topographies but cannot perfectly compensate for the SSP-introduced attenuations in the signal 479 amplitude. Channels with higher pre-SSP amplitudes also showed a stronger absolute amplitude 480 reduction after SSP (Fig. 8, right) . the induced line noise is amplified when the signal is conducted to the human scalp. In turn, the 520 50-Hz noise is amplified in the EEG-recordings. 521 In the baseline tACS condition, the alpha decrease (ERD) after stimulus presentation can be seen 522 by visual inspection. For a better comparison, the color bars for all TF spectra depict the same 523 value range. After artifact correction, time-frequency spectra of the tACS conditions (50-µA 524 tACS, 500-µA tACS) did not show an apparent residual artifact (Fig. 9C ) and natural alpha 525 fluctuations became visible. Data from the baseline tACS condition has also been subjected to the 526 SSP algorithm. Therefore, the difference between the two time-frequency spectra in the first rows 527 of Fig, 10 A and C show the amplitude reduction due to SSP as described above (Fig. 8) . The 528 topographies show ERD over parietal areas before artifact correction (Fig. 9B ) and afterwards 529 ( Fig. 9D ). Note that no occipital electrodes were measured due to the stimulation electrode that 530 covered that area. Thus, shading over occipital areas is extrapolated from other channels. From 531 visually inspecting the topographies, one can clearly identify ERD over parietal areas in all 532 conditions after SSP. We correlated the topographies in all possible combinations and revealed highly significant correlations for all possible comparisons of tACS conditions, i.e., Baseline, 500 534 µA, and 1000 µA (Table 1) . Since these comparisons are not solely between conditions, but also 535 resemble different time points of measurement, the correlations between the corrected data are 536 hard to compare. 537 To provide a comparison of the correlation strengths between conditions after correction, we 538 calculated correlations between topographies from odd and even numbered trials (odd/even split). 539 These values are comparable in size with correlation values between conditions (Table 1) . 540 Additionally, we provide the correlation between baseline topographies before versus after SSP 541 which also lies within the same range (r = 0.85).
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The similarity between the topographies after SSP demonstrate that SSP can successfully recover 543 subtle changes in alpha power on minor scales. 544 Since ERDelta is a relative measure, one could argue that the correction of the artifact is not even 556 necessary because the calculation of ERDelta is a normalization to a pre-stimulus baseline in the 557 time dimension and would thus be sufficient to cancel out the artifact. However, a recent simulation 558 indicates that strong attenuation of the tACS artifact is necessary to allow the cancellation by 559 computing difference measures to work (Kasten & Herrmann, 2019) . To test this assumption on real 560 data, we calculated ERDelta also for the uncorrected data. The resulting topographies are depicted 561 in Fig. 9B . The range of the ERDelta is strongly reduced in comparison to the data after SSP 562 correction (Fig. 9D ) in the tACS conditions in rows 2 and 3. Also the topographies do not show the 563 expected occipito-parietal orientation but appear distorted without a distinctive pattern (Fig. 9B,   564 row 2 and 3). In line with predictions of the simulation in Kasten & Herrmann (2019) this result 565 indicates that the artifact completely masks the stimulus-related amplitude reduction and that a 566 reduction of the artifact is necessary to recover the underlying brain activity. 567 5. Discussion 569 We evaluated artifact-correction techniques to find a feasible method to remove the tACS artifact 570 from EEG data. By comparing different methods applied to phantom data, we found SSP to perform 571 best in recovering the signal of interest. As a proof of concept, we applied SSP to human data from 572 a tACS-EEG experiment and demonstrated to which extent oscillatory parameters such as event-573 related oscillations can be recovered. 574 Our initial question was how to estimate that an artifact-correction method does not remove the 575 brain responses of interest and minimizes residual artifacts remaining after correction. We 576 approached this question by applying different methods on a phantom head in which we were in full 577 control over the to-be-recovered EEG signal and the stimulation signal. We found that the SSP 578 method performed best with only minor distortions of the EEG signal compared to template 579 subtraction and sine fitting. For the phantom head, we could quantify this distortion, finding that 580 SSP mildly overcorrects the artifact. However, with SSP this overcorrection can be taken into 581 account when comparing the cleaned signal to the baseline (See supplementary material for details.).
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With the phantom, possible physiological effects might be underestimated, because the SSP 583 correction attenuates endogenous amplitudes at the stimulation frequency. For human data, we 584 cannot be entirely sure about the performance of the correction as we do not exactly know the ground 585 truth; however, we compared the same experimental conditions with and without concurrent tACS. 586 Overall, these results suggest that the artifact correction was successful despite an overall reduction 587 of amplitudes; SSP was able to recover subtle changes in alpha amplitude (ERD) relative to a pre-588 stimulus baseline. An important question is whether the results obtained in the phantom experiment can be generalized 591 to human data. Obviously, a human head is not three-layered and perfectly spherical. A study by 592 Kim et al. (2015) , however, showed that the three-layer spherical model is quite accurate in 593 capturing the essential characteristics of the electric-stimulation-generated ohmic currents in scalp, 594 skull and the brain. Another difference lies in the sources of activity: Contrary to the many sources 595 in a human brain, our phantom only had one neural source. Given that SSP performance depends 596 on the orientation and location of the neural source, the method might further attenuate some neural 597 signals of interest given that their topography can be similar to that of the artifact. This problem can 598 be tackled by evaluating possible signal distortions after SSP (Uusitalo and Ilmoniemi, 1997) . 599 In our phantom study, the dipolar current source oscillated independently of the external stimulation. 600 This might produce over-optimistic results when using template subtraction. If neural activity synchronizes to the tACS, it will be attenuated after subtracting the template; however, perfect phase 602 alignment cannot be expected from real neuronal activity (van Veen et al., 1997) . This also applies 603 to the sine-fitting method: only if the tACS entrains perfectly to the neural frequency at which the 604 brain is stimulated, then sine fitting will also attenuate the entrained brain oscillations. 605 Another difference of the phantom measurement compared to real human EEG data concerns the 606 impedance: In the phantom head, the artifact amplitude was constant over the course of the 607 stimulation because the electrode-skin impedances remained constant. This allowed us to use all 608 trials to create a template to be subtracted. For real human EEG data, this is not necessarily the ideal 609 approach because the tACS artifact amplitude varies over time due to changes in impedance, elicited 610 by physiological processes in the human body such as heart-beat and respiration (Noury et al., 2016) .
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This poses a problem for the template subtraction method because the subtraction of an incorrectly 612 sized template will result in a residual artifact: the fewer trials are used to create the template, the 613 wider the notch in the Fourier spectrum will be. The problem notably also applies to the SSP method, 614 since the artifact subspace is also calculated based on a data-based template of the artifact. In the 615 human experiment, we tackled the problem of varying impedances by applying the SSP in temporal Most commonly, the tACS signal is a sine wave (Herrmann et al., 2013) . Therefore, it is an intuitive 620 assumption that one can simply fit and subtract a sine from the contaminated EEG signal and the 621 artifact is removed. An advantage of this method would be that the signal in each electrode can be 622 cleaned separately; this may be beneficial in experimental setups with a small number of electrodes; 623 however, we demonstrated that the sine subtraction method shows a comparatively poor 624 performance. The main problem with sine fitting is that using a least-squares criterion can result in 625 overfitting or underfitting if a significant proportion of the EEG signal of interest phase aligned to 626 the artifact. Another problem with sine fitting is that the tACS artifact is not a perfect sinusoidal 627 wave, but rather a series of analog amplitudes generated by a digital-to-analog converter (DAC), 628 i.e., the sine wave is approximated by a kind of step function and each step is superposed with an 629 exponential due to capacitance inside the DAC. Additionally, the measured artifact is non-sinusoidal 630 due to its interaction with physiological tissues (Noury et al., 2016) . A perfect sine wave subtracted 631 from a slightly distorted sine wave will result in a residual artifact. If the artifact is several orders of 632 magnitude larger than the neuronal signals of interest, even small relative differences between the 633 perfect sine-wave model and the actual tACS artifact waveform can cause large absolute errors in the corrected EEG. Overall, our results suggest that this subtraction method cannot be recommended 635 for tACS artifact correction. We found SSP to yield the best artifact-correction performance. Artifact-contaminated phantom 656 data could be recovered almost perfectly; the application to human data is promising. A major 657 difference between SSP and both sine fitting and template subtraction is that it is based on spatial 658 filtering, thus it may project out artifactual components that are invisible to sine fitting and template 659 subtraction. Even though SSP is able to correct the artifact almost completely in the phantom data, 660 it distorts signals although in a perfectly known way: the cleaned signals are not meant to be 661 estimates of the signal in the original channels in question (Mäki & Ilmoniemi, 2011) . The signals 662 after SSP are known linear combinations of the original EEG signals and can be used without bias 663 in source estimation (Uusitalo & Ilmoniemi, 1997) as long as the data still has a sufficient 664 dimensionality. SIR can correct some of the SSP-induced spatial distortions; however, the original 665 signal amplitudes cannot be perfectly recovered in all channels because some linear components of the signals have been zeroed, leading to overall reduction in amplitude (Fig. 8 ). We were able to 667 recover time-frequency spectra showing ERD in the alpha range after correction. This indicates that 668 SSP does not completely diminish activity at the stimulation frequency like a notch filter would, but 669 can recover activity even at the stimulation frequency. Comparing tACS-free data with and without 670 application of SSP-SIR reveals a general decrease of amplitudes in the FFT-spectra, which seems 671 to be stronger at higher amplitudes. Topographic similarity of the artifact and the signals of interest 672 contribute to the unwanted attenuation of the latter; the more similar they are, the higher the 673 attenuation. This is also evident in the human data as the topography of the (2003) . In vivo measurement of the brain and skull resistivities using an EIT-based method 742 and realistic models for the head. Vossen, A., Gross, J., & Thut, G. (2015) . Alpha power increase after transcranial alternating 819 current stimulation at alpha frequency (α-tACS) reflects plastic changes rather than
